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Abstract
In this paper we present a new concept developed to improve the abandonment procedure of 
wellbores in depleted hydrocarbon fields, amongst others in Enhanced Gas Recovery (EGR) 
operations. The sealing concept is designed for the long-term containment of CO2 and considers the 
creep ability of deep Permian Zechstein salt formations in about 3,000 m depth. It is designed to 
amend the current standard abandonment procedure and consists of a.) an expansive gel filling in 
the reservoir formation, b.) a sealing element with cement extending to the impermeable caprock 
and c.) a salt plug as the major long-term sealing component, compatible in its composition and 
property to the surrounding caprock (halite). The focus of the project work described here is to 
develop and to model the last-mentioned long-term salt sealing element. Numerical results show 
that the creep ability of the mentioned salt formations can close a formerly reamed well section and 
hence recover the geological salt barrier with or even without using a crushed salt backfill
© 2010 Elsevier Ltd. All rights reserved
. A field 
test is conducted in the North German Altmark Rotliegend gas field (Sachsen Anhalt) in order to 
study the technical feasibility for recovering the initial caprock integrity, to verify numerical models 
and to proof the sealing capability and therefore the sealing concept.
Keywords: Borehole sealing; borehole convergence; rock salt creep behavior; compaction of crushed salt backfill; 
recovery of caprock integrity;
1. Introduction
In addition to saline aquifers, depleted gas fields are considered to be suitable to contain CO2 for the long 
term. For the implementation of an Enhanced Gas Recovery (EGR) Pilot project, less than 100,000 tons of 
CO2 are proposed to be injected in a hydraulically isolated subfield in the Altmark, Altensalzwedel. Among
others, the integrity of existing wellbores is considered to be an important issue in terms of mining safety.
Unlike natural gas (methane or nitrogen), the injected CO2 in combination with reservoir fluids can form 
carbon acid, which might, under certain conditions, affect the integrity of the existing boreholes. 
Recommendations to improve the regular abandonment procedure are e.g. given by in Reinicke et al. [1, 2]. 
Research activities of the last 10 years on the CO2-resistivity of cement and casing indicate that certain types 
of cement (e.g. Portland cement) and steel (carbon steel) could be affected in the long term. However, 
experience from several gas fields in Germany and natural CO2
As recently mentioned in Hou & Wundram [3], a multi-barrier system is proposed, where experience form 
technical concepts from nuclear and toxic waste repositories are adopted. Here, particular emphasis is given 
to the geological conditions of the Altmark gas field, where the Rotliegend sandstone reservoirs are overlain 
reservoirs (Rhön) show that wells could 
withstand such sour-gas conditions in the long term, even under high pressure regimes.
c⃝ 1 Published by Elsevier Ltd.
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by massive plastic Zechstein salt layers of several hundred meters thickness, which form the natural proven 
gas-tight barrier which trapped the natural gas for millions of years.
In the course of this scientific EGR-research project, the technical as well as the economic feasibility of 
the long-term sealing concepts is studied and partially demonstrated in a field test, implemented in a standard 
abandonment procedure of an Altmark-wellbore. The field owner, GDF SUEZ E&P Deutschland GmbH,  
has already gained extensive technical field experiences in well completion with special regard to strong salt 
creep under the given high temperature and high pressure (HTHP) conditions. This experience is the 
foundation and motivation to test the utilization of creeping salt formations and to develop a new sealing 
concept applicable for deep Rotliegend reservoirs and Zechstein salts with similar geologic conditions.
Since the beginning of salt mining creep induced convergence has been observed worldwide. It is well 
known that the transient and stationary creep deformations result in a change of the salt structure without 
damage and dilatancy. Furthermore, excavation damaged zones (EDZ) could be sealed e.g. by backfilling the 
excavation rooms with crushed salt and even healed under favorable HTHP creep conditions. It means that 
the natural salt barrier can be re-established. The discovery of entrapped CO2 under high pressure in rock salt
in central Germany clearly shows that rock salt is CO2 resistant and impermeable even under high pressure 
condition and therefore an ideal natural barrier for carbon dioxide.
In consideration of the experiences and observations mentioned above, participating institutions and 
partners from oil and gas industry jointly developed a new sealing technology for boreholes which will partly 
be tested during the standard abandonment process of a former gas production well. This research project is 
part of the R&D program CLEAN, funded by the German Ministry of Education and Research (BMBF).
2. Long-term borehole sealing concept
2.1 State-of-the-art of well abandonment
Most likely carbon sequestration projects may be permitted in public planning procedures with 
environmental impact assessments. Classical well abandonment procedures in Germany require that the 
perforations of a well have to be sealed with cement and a cement plug is set 100 m above the perforation. 
100 m cement plugs also have to be set at liner tops, reaching 50 m into the liner and 50 m into the previous 
casing, above the casing shoe. Finally cement plugs have to be set during abandonment to protect fresh water 
zones and to fill the top 100 m of the well [4].
According to the recommendations given by Reinicke et al. [2], the technical feasibility to improve the 
classical well abandonment procedures will be tested by actively using the salt creep behavior under the 
HTHP conditions in the Altmark as proposed in Hou & Wundram [3].
2.2 Multi-barrier sealing concept
Sealings for boreholes, drifts and shafts of repositories for nuclear waste are based on a multi-barrier 
concept in which technical (e.g. waste canisters), geotechnical (emplacement and usage of sealing materials) 
and geologic barriers (the impermeable caprock) are combined with specific requirements and material 
behaviors. The joint interaction of these barriers and their individual time dependent functionality are the 
guarantees for the long-term safety of a final repository.
Adapting this method to a wellbore seal, a technical barrier in terms of a waste canister is neither 
necessary nor possible. The geotechnical barriers presented herewith and illustrated in Figure 1A to 1D 
consists of 1.) an expansive gel pore space filling of the storage horizons and bridge plug setting, 2.) a 
cement filling from the perforated sections to the caprock salt of the future salt plug and 3.) a milled and 
reamed section free of steel and cement in the massive rock salt layer. Under the favorable HTHP conditions 
at Altmark the last mentioned barrier would be transferred from a geotechnical into a geologic barrier in the 
form of a compatible and integer salt plug within the primary caprock due to its creep behavior. This 
conversion is currently thought to recover the initial caprock integrity and therefore a likely amendment to 
provide long-term tightness against CO2
Due to the inert material behavior to stored fluids, its very low primary permeability as well as the self-
healing tendency, rock salt is in the major scientific focus as a natural sealing material not only for gas and 
oil but also for radioactive and toxic waste. The visco-plastic material behavior of rock salt and its ability to 
self-seal underground openings due to creep induced convergence are used to compact either loose granular 
salt or seal an initial open wellbore section. Referring to wells drilled through thick salt formations, this 
creep deformation is induced, among others, when the stabilizing casing would be removed and the fluid 
pressure in the wellbore would be decreased and thus, an anisotropic stress condition is generated.
.
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Figure 1: Multi-barrier concept: A) phase of CO2
According to the proposed concept and in order to establish a natural barrier free of any steel and cement,
the casing and cement placed in the selected salt section of the well needs to be removed via milling and 
under-reaming operations. For this process a workover rig is required for several days and is therefore cost 
intensive. Currently, alternative methods to replace milling and under-reaming operations are investigated in 
order to develop a more cost effective abandonment procedure.
-Injection, B) gel-filling and bridge plug setting, C) cement backfilling and borehole section milling, 
D) recovery of the initial rock salt integrity, originally introduced in Kretzschmar & Schmitz [5].
In an early stage of the project, it was planned to fill the reamed salt formation with crushed salt, as the 
creep deformation of the salt formation can compact the backfill. However, due to technical challenges and 
associated additional costs, the test was conducted without crushed salt, having the charm to potentially re-
establish the initial sealing properties without additional materials. Above the reamed window, the wellbore 
will be abandoned according to standard procedure. Thus, the gel filling and the rock salt section in the 
reamed window are merely an enhancement of the standard abandonment procedure. The re-establishment of 
the initial salt barrier has been investigated intensively with numerical simulation models.
3. Numerical simulations of the long-term salt seal
3.1 Borehole model used in the numerical simulations
Figure 2a presents a cross section of the model consisting of casing, cementation, reamed section and 
backfill surrounded by rock salt with 200 m lateral and 150 m vertical extension in a depth range between 
3000 m and 3150 m. A cross section of the simplified rotational simulation model is shown in Figure 2b with 
a radius of 100 m and a height of 150 m and boundary conditions.
Figure 2 a) Cross section of the sealed model and b) simulation model with boundary conditions.
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3.2 Constitutive models and parameters
In order to describe the creep behavior of rock salt the constitutive models LUBBY2 and Hou/Lux are 
applied. Detailed information of these models is given in Hou [6], Heusermann et al. [7] and Hou et al. [8].
In comparison to the LUBBY2 model, the Hou/Lux model can describe furthermore the tertiary creep, 
damage, dilatancy and damage healing.
The CWIPP constitutive model is applied to describe the viscous behavior and the time-dependent 
compaction of the crushed salt backfill. The compaction is expre	
		

initial loose backfilling to the primary density of rock salt and is a function of the volumetric strain v
The parameters for transient and stationary creep without damage (LUBBY2 and Hou/Lux-ODS) and 
under consideration of damage and healing, dilatancy and re-compaction (Hou/Lux-MDS) are firstly taken 
from laboratory test results on rock salt samples from Sondershausen and with a few test results from 
Altmark. The entire parameter set for the rock salt and crushed salt constitutive models is given in Hou et al. 
[10], whereas Table 1 summarizes the parameters only for stationary creep. For consideration of a stationary 
creep rate variation, the stationary parameter m is confined into -0.2 MPa
,
Sjaardema & Krieg [9].
-1
and -0.418 MPa
-1
, respectively 
corresponding to the lower and upper boundary. The first numerical simulations are performed under these 
boundaries. In a later project phase laboratory experiments are performed on Altmark rock salt samples 
which yield a creep parameter of m=-0,251 MPa
-1
(Kretzschmar & Schmitz [11]) representing a stationary 
creep rate between the previous boundaries. This test result shows that the determined lower and upper 
boundaries are suitable for the rock salt in Altmark.
Table 1 Compilation of the stationary creep parameters of different locations for the first numerical simulation, Hou et al. [10].
Parameter Empelde Torup Asse Borth Sondershausen
*
m MPad 7.010 3.241014 2.031013 1.03107 2.0 107
m
8
1/MPa -0.418 -0.272 -0.247 -0.249 -0.2
l 1/K -0.052 -0.05 0 0 0
T K - - 323 323 295
3.3 Numerical simulation results under consideration of a crushed salt backfill 
Prior to the conduction of the field test numerical simulations as pre-calculations of the creep induced 
crushed salt compaction were performed as a cost-effective method to predict the time period of backfill 
density alignment with the surrounding rock salt. The elastic parameters and the density in the initial as well 
as the final state for the CWIPP-model are summarized in Table 2.
The fractional density (actual crush salt density in relation to rock salt density) reaches already 1.0 after 
ca. 10 days (Figure 3a) when the simulation is performed under the upper stationary creep boundary whereas 
under consideration of the lower boundary the crushed salt density is exact in line with the rock salt density 
after ca. 40 days (Figure 3b).
Figure 3 Development of the fractional density: a) using the upper stationary creep boundary, b) using the lower stationary creep boundary.
Immediately after the reaming job has been finished and the crushed salt is in place, the rock salt primary 
stress state is transferred into the secondary stress state in which the three stress components (in radial, 
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tangential and vertical direction) are firstly zero within the backfill and the stress differential is the highest at 
the borehole wall (Figure 4a). The creep induced borehole convergence leads to the time dependent gradual 
compaction resulting in a stress build-up in the backfill until the primary stress state is recovered after 
approx. 1 year (Figure 4b).
Figure 4 Radial, tangential and vertical stress distribution based on the upper stat. creep boundary in crushed and rock salt: a) immediately after 
crushed salt insertion, b) after ca. 1 year.
Figure 5a shows the numerically simulated increase of the borehole convergence and the radial stress 
development both at the midpoint of the crushed salt and at the interface point between backfilling and EDZ. 
A maximum convergence of 26 % (ca. 4 cm hor. displacement) and radial stress equal to the primary stress 
of rock salt are reached after 100 days and 365 days, respectively.
Based on the results in Figure 5b the permeability in the EDZ reaches a maximum (ca. 8.4·10
-17
m²) right 
after creep initiation. After ca. 100 days the primary rock salt permeability of 6.5·10
-22
m² is recovered. The 
same tendency is calculated for the time-dependent development of the crushed salt permeability. The 
porosity of the backfill is reduced from initially 50 % to 1.0·10
-5
already after ca. 50 days.
Figure 5 a) Borehole convergence and radial stress development in relation to creep time, b) Development of porosity, permeability and dilatancy in 
crushed backfill and rock salt.
Based on results from numerical simulations, it is concluded that, under favorable HTHP conditions like 
available in the Altmark, and due to the short durations of recovering the primary state of rock salt and 
because of the technical uncertainties related to backfill insertion, a second numerical simulation run is 
performed in order to investigate whether a tight salt plug can be achieved even without backfilling crushed 
salt in the reamed section.
3.4 Numerical simulation results without backfilling
The development of the volume convergence of a borehole without a crushed salt backfill is simulated 
numerically using the Hou/Lux constitutive model for rock salt. Because of numeric limitations, the reamed 
a) b)
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and open section must be filled with a fictive soft material. The applied elastic parameters and porosities for 
the CWIPP model were appropriately reduced to meet the conditions of an unfilled borehole. As it has been 
done in the previous simulations, the calculations are again divided into two runs considering a lower and 
upper boundary (Table 2, variation a and b).
Table 2 Parameters for the CWIPP model and the stationary creep parameter m.
Variation Crushed Salt Parameters Stationary 
creep 
parameter 
m
MPa 
Initial 
density
-1
kg/m
Final 
density
3
kg/m
Initial
3
Bulk 
modulus
MPa
Final
Bulk 
modulus
MPa
Initial 
Shear 
modulus
MPa
Final
Shear 
modulus
MPa
backfilled 
model
1250 2250 118.6 15575.3 71.4 9345.2 m=-0.2/-0.418
a 10 500 16.67 33.34 0.3356 0.6712 m=-0.2
b 10 500 16.67 33.34 0.3356 0.6712 m=-0.418
The result of a simulation under the lower stationary creep rate is shown in Figure 6a revealing an almost 
complete convergence after ca. 1.5 years. Compared to this, the result of a simulation under upper creep rates 
yields a corresponding convergence already after ca. 25 days (Figure 6b).
Figure 6 Volume convergence: a) Hou/Lux model with lower stat. creep boundary, b) with upper boundary.
As a result, the time duration for sealing the borehole has more than doubled compared to the results with 
using a backfill. It must be mentioned that the simulations do not consider the possible spalling due to 
strength exceeding at the borehole wall and thus the effects of self-backfilling are not calculated. This self-
backfilling and the adjacent EDZ would be compacted and even healed under the HTHP conditions. But the 
time duration should be much longer in comparison to the case of backfilling with crushed salt in the reamed 
section.
4. First explanations about the field test
The primary objective of the field test is to test the technical feasibility to re-establish the initial caprock 
integrity given by the thick plastic Zechstein salt. The accomplished workover activities comprise the 
following: After setting the first cement plug in the Rotliegend and Zechstein formations according to the 
standard abandonment procedure, a 30 m long section of the casing was removed via milling and 
underreaming. As stated above, no crushed salt was implemented due to technical challenges, associated 
costs and the confidence of the field owner to achieve sufficient convergence even without backfill. In the 
following, the fluid pressure in the well was gradually reduced by replacing the mud with brine and nitrogen
and pressure gauges were installed. Since then the well has been monitored by recording the pressure at the 
wellhead and the rising fluid pressure within the wellbore.
Data recorded to date give an indication of borehole convergence, as fluid in the reamed section in pressed 
into the well above by the creeping salt. Preliminary results indicate that the convergence observed is in line 
with the results of corresponding numerical simulations, as defined by the upper and the lower stationary
creep boundaries (Figure 6a and b). The monitoring will be further continued. It is expected, that the salt 
barrier will be re-established in a relatively short time period.
a) b)
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5. Summary and Outlook
The numerical simulations performed are useful pre-investigations to predict the time-dependent salt creep 
and thus, indicate technical and geological feasibility. Based on the numerical results summarized in Table 3,
the following conclusion can be drawn:
The sealing concept described in this paper, especially the re-establishment of initial Zechstein salt 
integrity, is based on the approach that the primary geological barrier, the definitely sufficiently thick plastic 
Zechstein salt could autonomously close a borehole under HTHP conditions e.g. in the Altmark. The 
conducted field test will, after its successful completion, provide information about the technical feasibility 
to take advantage of the naturally creeping Zechstein salt with regard to amend and improve the current 
abandonment procedure and associated mining safety.
 Both concepts of borehole sealing (with and without using a crushed salt backfill) are based on the 
formation of a salt plug in the formerly reamed section and will lead to the recovery of the rock 
salt integrity. The unique difference with regard to the numerical results is the time duration to 
form this salt sealing;
 The assumed upper and lower boundary of the rock salt stationary creep applied in numerical 
model seem to be suitable for description of the salt creep behavior in Altmark.
Table 3. Summary of the numerical results.
Criteria Numerical results using a backfill Numerical results without using 
a backfill
Fractional density 1.0 after approx. 10-40 days Not used
Secondary stresses Alignment with primary stresses 
after approx. one year
Alignment with primary stresses 
after approx. 5 years
Borehole convergence Completed after aprrox. 100 days Completed after approx. 25 to
more than 1.5 years
Permeability Reduction from ca. 8.4·10
-17
m² to 
6.5·10
-22
Not yet considered
m² after ca. 100 days
Overall recovery of the 
hydraulic state of rock salt 
(permeability, porosity and 
damage)
Already after ca. 100 days More than 200 days
Primary stress state recovery Already after ca. one year After approx. 5 years
Outlook of numerical 
simulations
- Considerations of spalling due to 
strength exceeding at the 
borehole wall and compaction of 
the self-backfill
To consider in situ geometry deviations of the reamed section, compaction as well as recrystallization of 
self-backfilling and the EDZ around the borehole contour, the numerical simulations will be modified to 
state more precisely the time duration until the build-up of a compatible and integrated salt plug.
5.1 Field test outlook 
The recent field measurement results are being evaluated. As the project is currently in the observation 
phase, no final statement on the success of the test can be made. Recorded data as well as numerical 
simulations indicate so far, that the borehole convergence will take some additional months and thus, 
following well tests (amongst others a leak-off test) will be conducted in 2011. In addition, it is planned to 
core the formerly under-reamed Zechstein section and to investigate the gained core material with regard to 
its geomechanical (strength and creep) and hydraulic properties. For verification of the numerical models, 
visual observation and comparison with original rock salt samples, cores will be drilled in the salt plug. On 
these core samples, strength, creep and hydraulic properties will be determined experimentally. It is 
furthermore planned to use the Nuclear Magnetic Resonance (NMR) and Computer Tomography (CT)
technique to investigate the pore structure within the salt plug and to find out whether a recrystallization has 
occurred.
In case of a successful elaboration of the field test and the achievement of sufficient sealing capacity 
proven by laboratory measurements, this new methodology could, under suitable geological conditions, 
contribute in enhancing mining safety and public acceptance.
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